Abstract. Monocytes infiltrate damaged liver tissue during noninfectious liver injury and often have dual roles, perpetuating inflammation and promoting resolution of inflammation and fibrosis. However, how monocyte subsets distribute and are differentially recruited in the liver remain unclear. In the current study, the subpopulations of infiltrating monocytes were examined following liver ischemia/reperfusion (I/R) injury in mice using flow cytometry. CD11b + Ly6C high (Ly6C hi ) cells (inflammatory monocytes) and CD11b + Ly6C low cells (reparative monocytes) were recruited into the liver following I/R injury. Treatment with clodronate-loaded liposomes, which transiently deplete systemic macrophages, alleviated hepatic damage. Mice genetically deficient in C-C motif chemokine ligand 2 (CCL2), or its receptor C-C chemokine receptor 2 (CCR2), exhibited diminished hepatic damage compared with wild-type mice following I/R, by controlling intrahepatic inflammatory Ly6C hi monocyte accumulation. In addition, the CCR2 specific inhibitor RS504393 alleviated hepatic I/R injury. The results suggest that the CCR2/ CCL2 axis has an important role in monocyte infiltration and may represent a novel target for the treatment of liver I/R injury.
Introduction
Liver ischemia/reperfusion (I/R) injury is an important cause of liver damage occurring during liver surgery or transplantation, and significantly influences the prognosis of liver function (1) . A variety of immune cells, including monocytes, Kupffer cells, CD4 + lymphocytes, neutrophils, hepatocytes, and cytokines are involved in liver I/R injury (2) (3) (4) . Hepatic macrophages have an important role in maintaining homeostasis of the liver and in the pathogenesis of liver injury. I/R can cause the activation of Kupffer cells to release transforming growth factor-α, and other pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6). An increase in the inflammatory state results in the activation of the immune system as a major intermediary during the process of I/R injury (5) , which can drive injury resolution or lead to chronic inflammation (6, 7) .
Intrahepatic monocyte infiltration of the damaged liver tissue represents an important constitution of the innate immune response (8) . When the liver is under pathological stress, such as steatohepatitis and viral hepatitis, Kupffer cells can differentiate from infiltrated bone marrow-derived mononuclear cells (9) . In addition, it has been reported that Kupffer cells can be constantly replenished by blood monocytes, even in steady state conditions (10) . Two major monocyte subsets in mice have been identified that closely resemble human monocytes and vary in migratory and differentiation properties (11) . In humans, classical CD14 + CD16
+ monocytes express C-C chemokine receptor 2 (CCR2), CD64, and selectin L, whereas non-classical CD14 + CD16 -monocytes lack CCR2 (12) . Their counterparts in mice are CCR2 + Ly6C high (Ly6C hi ) and CCR2 -Ly6C low (Ly6C lo ) monocytes, respectively (12, 13) . Ly6C hi monocytes are considered to be precursors to macrophages and dendritic cells during inflammatory conditions, whereas Ly6C lo monocytes represent steady state precursor cells for tissue macrophages (14) (15) (16) . The differential recruitment of these monocyte subsets appears to be crucially controlled by chemokines released from injured tissue (17) (18) (19) . As such, enhanced hepatic expression of the ligands for CCR2, including monocyte chemoattractant protein-1 (MCP-1)/C-C motif chemokine ligand 2 (CCL2), CCR6 and macrophage inflammatory protein-3α/CCL20, has been reported in patients with liver cirrhosis (17, 20) .
CCR2 is the specific receptor for MCP-1/CCL2, but is also the receptor for CCL7, CCL8, CCL11, CCL12 and CCL13. Recently, CCL2 has been reported to have a critical role in the pathogenesis of various liver diseases (21) (22) (23) (24) . upregulated expression of CCL2 has been reported in various liver diseases (21, 25) . Although the CCR2/CCL2 interaction has been reported to be associated with various liver diseases (26) , the underlying mechanism of this association has not been clearly elucidated. Specifically, the role of CCL2/CCR2 in the immune response of the liver during I/R injury remains unknown. The current study aimed to identify the infiltrating monocyte subsets in liver I/R injury and determine how the CCL2/CCR2 axis contributes to the hepatic monocyte recruitment during I/R injury. Liver I/R model. A non-lethal model of segmental (70%) hepatic warm ischemia was performed as described previously (27) . Briefly, mice were anesthetized with sodium pentobarbital [60 mg/kg; intraperitoneally (i.p.)], which is a traditional anesthetic used in animal research of liver, lung or cardiac I/R injury (28) (29) (30) . A midline laparotomy was performed and ligaments surrounding each lobe were dissected carefully. The portal vein, the hepatic artery, and the bile duct supplying the median and the left lateral lobes of the liver were clamped with an artery clip. The caudal and right lobes retained portal and arterial inflow and venous outflow, preventing intestinal venous congestion. Following surgery, the abdominal cavity was properly closed and then the mice were placed in an incubator maintained at 32˚C. Liver lobes were inspected for ischemia by visualizing the pale blanching of the ischemic lobes intermittently. After 60 min, the clamps were removed and liver reperfusion was initiated. For sham controls, the animals underwent anesthesia, laparotomy, and exposure of the portal triad without hepatic I/R. Mice were sacrificed after 6 h of reperfusion. Blood and tissues of liver lobes from sham and I/R injury mice were collected and stored at -80˚C for future analysis.
Materials and methods

Animals
Serum transaminase. Cardiac puncture blood was collected following hepatic I/R or sham into tubes (without anticoagulant), allowed to clot and serum was separated by centrifugation at 200 x g at 4˚C for 10 min. For CCR2 inhibitor pretreatment, mice were injected with RS-504393 (25 mg/kg; Sigma-Aldrich; Merck KgaA, Darmstadt, germany) or dimethyl sulfoxide (DMSo) 1 h prior to I/R injury. Liver injury was estimated by measuring the increased activities of serum ALT and AST, which were measured using a Synchron CX7 analyzer (Beckman Coulter, Inc., Brea, CA, uSA) in the Clinical biochemical Laboratory of Wuhan Union Hospital (Wuhan, China).
Histopathology. At predetermined time points (6 h after reperfusion), mice were sacrificed humanely by Co 2 suffocation. The liver lobes were collected from I/R mice and sham mice and fixed in 4% formalin at room temperature (25˚C) for 4 h. Fixed tissues were embedded in paraffin, cut into 5 µm thick sections and were placed onto glass slides. Slides were then stained with hematoxylin and eosin (h&e) using a conventional protocol. The necrotic area was assessed by 2 independent pathologists, and more than 10 random fields of view were quantified using the Image-Pro Plus v 6.0 software (Media Cybernetics, Silver Spring, MD, uSA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the lobes of the ischemic and sham liver using TRIzol. RT was performed using the RT kit (Thermo Fisher Scientific, Inc., Waltham, MA, uSA) at 65˚C for 5 min. qPCR was performed using the SyBR-green PCR mix (Thermo Fisher Scientific, Inc.) in a LightCycler 480 system (Roche Molecular Diagnostics, Pleasanton, CA, uSA ). The PCR program was 95˚C, 2 min, x1; 95˚C, 10 sec, 60˚C, 1 min, x40. β-actin was used as an internal reference. Many previous I/R studies (31,32) also used this gene for data normalization, indicating I/R has no effect on the expression of β-actin. Primers were synthesized by Sangon biotech Co., Ltd. (Shanghai, China) and the sequences were as follows: TNF-α, 5'-ACT gAA CTT Cgg ggT gATCg-3' (forward) and 5'-ggC TAC Agg CTT gTC ACTCg-3' (reverse); IL-6, 5'-AgT TgC CTT CTT ggg ACTgA-3' (forward) and 5'-TCC ACg ATT TCC CAg AgAAC-3' (reverse); β-actin, 5'-gTg ACg TTg ACA TCC gTA AAgA-3' (forward) and 5'-gCC ggA CTC ATC gTA CTCC-3' (reverse). Data were analyzed using the 2 -ΔΔCq method (33) .
Serum/liver cytokines. The serum expression levels of TNF-α and IL-6 was measured using commercial eLISA kits [TnF-α (MTA00B); IL-6 (M6000B); R&D Systems, Inc., Minneapolis, Mn, uSA] following standardized techniques (34) . All samples and standards were performed in duplicate. eLISA was also performed on tissues of liver lobes from sham and I/R mice.
Isolation of hepatic non-parenchymal cells (NPCs). Hepatic
NPCs were obtained from the liver using a collagenase digestion method, as described previously (35) . Briefly, the animals were anesthetized and the liver was perfused in situ by way of the portal vein with PBS containing 0.05% collagenase. The liver was removed, placed in PBS and incubated at 37˚C for 15 min. The incubated liver was then torn using cell scrapers.
The cell suspension were shaken on a shaking table at 37˚C
for 20 min and then filtered through a 70-µm nylon mesh. NPCs were isolated by gradient centrifugation at 400 x g for 16 min with acceleration and braking at 0 using OptiPrep™ (Axis-Shield Diagnostics Ltd., Dundee, UK) according to manufacturer's instructions. NPCs were then washed by high-speed centrifugation (1,500 rpm for 5 min).
Depletion of Kupffer cells. Kupffer cells were depleted by using clodronate in a liposomal formulation (36, 37) . Briefly, a dose of 0.2 ml/20 g animal body weight of liposome-encapsulated clodronate (FormuMax Scientific, Inc., Sunnyvale, CA, uSA) was i.p. injected 48 h before I/R. Macrophage depletion was successfully achieved (~90%), as examined by flow cytometry (anti-F4/80-PerCP-Cy5.5, clone bM8 (cat. no. 123128); from bioLegend, Inc., San Diego, CA, uSA) in the liver 48 h after a single injection.
Flow cytometric analysis. Red blood cells in the isolated
NPCs were lysed using Hybri-Max red blood cell lysis buffer (Sigma-Aldrich; Merck KgaA). Cell numbers were determined by a sequential gating scheme. The cells were then incubated with fluorescent-labeled anti-mouse antibodies in PBS containing 1% bovine serum albumin for 30 min at 4˚C. Antibodies used in this experiment were as follows: anti-CD45-Pacific blue (clone 30-F11; cat. no. 103126), anti-Ly6C -APC-Cy7 (clone hK1.4; cat. no. 128026), anti-CD11b-Pe-Cy7 (clone M1/70; cat. no. 101216), and anti-CD4-PerCP-Cy5.5 (clone gK1.5; cat. no. 100434) from BioLegend; anti-CD8-APC (clone 53-6.7; cat. no. 561093) from BD Biosciences (San Diego, CA, uSA); anti-CD3-Pe-Cy7 (clone 17A2; cat. no. 100220) from bioLegend, Inc. For intracellular cytokine staining, nPCs were isolated following sham or I/R injury of the 3 groups of mice (n=4-6 mice/group) and cultured with golgiStop (cat. no. 554724; bD biosciences) for 6 h. The cells were then stained with CD11b, Ly6C and anti-TNF-α-PE (IC410P) from R&D Systems. The corresponding isotype Iggs were used when necessary as controls. Following staining, cells were washed, fixed in 1% paraformaldehyde in 1X PBS, and resuspended at ~5x10 6 /ml for flow cytometry. Cells were analyzed on a CyAn ADP analyzer (Beckman Coulter, Inc.). FlowJo version 7.6 software (Tree Star, Inc., Ashland, oR, uSA) was used to analyze the data (38) .
Data analysis. The results were expressed as the mean ± standard error. Student's t-test was used to compare the difference between two groups. For multigroup comparison, one-way analysis of variance was used followed by post hoc Mann Whitney U-test. All of the data analysis was performed using SPSS 15.0 software (SPSS, Inc., Chicago, IL, uSA). P<0.05 was considered to indicate a statistically significant difference.
Results
Hepatic pathology in I/R injured liver.
Compared with sham animals with normal liver histology, mice undergoing I/R injury exhibited periportal necrosis after 6 h, as determined by h&e staining (Fig. 1A) . I/R-induced liver injury was also indicated by elevated serum levels of ALT and AST (Fig. 1B) . The levels of inflammatory cytokines TnF-α and IL-6 were significantly higher in liver tissues of I/R mice than in sham animals at the mRNA (Fig. 1C) and protein (Fig. 1D) levels. For the positive control, mice were treated with CCl4 (0.3 ml/kg) and elevated TNF-α and IL-6 in liver tissue were observed (data not shown). lo cells (reparative monocytes) also increased from 9.21 to 20.6% of CD45 + immune cells following hepatic I/R injury (Fig. 2) . Statistical analysis was then calculated based on data from all animals of each group and there was significant difference in CD11b + Ly6C hi/low populations between the sham group and I/R group. These results suggest that the increased infiltration of monocytes into liver may have an important role in hepatic pathology in I/R-injured liver.
Ly6 high (Ly6C
Treatment with clodronate-loaded liposomes alleviates liver I/R injury.
To determine whether monocyte-derived subsets actively promote liver damage or represent an elemental reaction following I/R injury, WT mice were treated with clodronate-loaded liposomes to transiently deplete systemic macrophages 48 h before I/R injury (39) . As presented in Fig. 3A , the population of CD11b + Ly6C hi cells in I/R model mice decreased from 7.1 to 0.18% following pretreatment with clodronate-loaded liposomes. CD11b + Ly6C lo cells also decreased from 20.4 to 2.9% in macrophage-depleted mice (Fig. 3A) . Following macrophage depletion by clodronate-loaded liposomes, I/R-induced hepatic necrosis was also dramatically decreased (Fig. 3B) . Serum ALT and AST levels were also reduced in mice pretreated with clodronate-loaded liposome compared to animals pretreated with PBS (Fig. 3C) . These results suggest that the recruitment of monocyte subsets into the injured liver may contribute to acute hepatic damage.
CCR2/CCL2 axis is critical for the recruitment of Ly6C
+ intrahepatic monocyte-derived cells. Ly6C + monocytes express high levels of CCR2, CCR1 and CCR6 (39, 40) . To elucidate the role of CCR2-CCL2 axis in the recruitment of monocytes to damaged liver tissue, I/R-induced liver injury and intrahepatic recruitment of Ly6C + monocytes were examined in WT, CCR2
-/-and CCL2 -/-mice. Compared with WT -/-mice exhibited lower levels of necrosis following I/R injury (Fig. 4A) . Serum ALT and AST levels were also decreased compared with the WT group (Fig. 4b) . The levels of inflammatory cytokines, TnF-α and IL-6, were also decreased in the CCR2 -/-and CCL2 -/-mice ( Fig. 4C and D) . In addition, leukocyte infiltration was significantly reduced following injury in CCR2 or CCL2 deficient mice (Fig. 5A ).
There was a significantly lower accumulation of intrahepatic CD11b + Ly6C + monocytes in CCR2 -/-and CCL2 -/-mice undergoing I/R. The percentage of CD11b + Ly6C hi inflammatory monocytes and CD11b + Ly6C lo reparative monocytes were decreased in CCR2 -/-and CCL2 -/-mice compared with WT mice (Fig. 5A) sham group and the operation group (Fig. 5) . Flow cytometric quantification also demonstrated that CCR2 or CCL2 knockout decreased the accumulation of CD4 + T cells and CD8 + T cells in mice that underwent hepatic I/R injury (Fig. 5b) .
The decrease in CD11b + Ly6C + cells was also revealed by immunofluorescence staining of infiltrated monocyte subsets in injured liver tissue (Fig. 6A) . Intracellular cytokine staining demonstrated that CCR2 -/-or CCL2 -/-mice had significantly lower levels of TNF-α than WT mice following I/R injury, (Fig. 6b) .
CCR2 inhibitor alleviates hepatic I/R injury. CCR2 -/-or CCL2
-/-mice exhibited decreased hepatic I/R injury compared with WT mice. CCR2 has a crucial role in the CCR2/CCL2 axis and certain CCR2 inhibitors have been reported to provide renal and glycemic benefits (41) . It was tested whether a CCR2 inhibitor could alleviate hepatic I/R injury. When mice were pretreated with the specific CCR2 inhibitor, RS504393 (25 mg/kg), serum ALT and AST levels were significantly decreased, compared with the control group and vehicle group (Fig. 7A) . The CCR2 inhibitor group also exhibited a decrease in the area of necrosis (Fig. 7B) . In addition, inflammatory CD11b + Ly6C hi and reparative CD11b + Ly6C lo cells were markedly decreased following RS504393 treatment (Fig. 7C) . Similar to the magnitude of inhibition in CCR2 -/-deficient mice, CCR2 inhibition nearly entirely suppressed CD11b + Ly6C hi cells infiltration into the hepatic tissue after I/R injury. no difference in CD11b + Ly6C hi and CD11b + Ly6C lo cell populations was observed between the untreated control group and DMSo control group. These results demonstrate that CCR2 inhibition efficiently alleviated hepatic I/R injury and, thus, may be an effective potential drug for hepatic I/R injury.
Discussion
In the present study, the role of infiltrating monocyte subsets into the liver following liver I/R injury was investigated and demonstrated an important functional role for inflammatory CD11b + Ly6C + monocytes in causing liver I/R injury. The CCR2/CCL2 axis has a critical role in mediating monocyte infiltration into the liver following I/R injury.
Immune cells, and the release of associated cytokines, have been reported to be involved in the occurrence of liver I/R injury, however the exact immunocyte populations have yet to be determined (42) . Inflammatory cells also have a major role in liver repair and are recruited immediately following injury (43) . CD11b + Ly6C + and CD11b + Ly6C -monocytes are the two most well-defined subsets of monocytes and have been proposed to infiltrate tissues during inflammation (44, 45) . The infiltration of CD11b + Ly6C + monocyte subset has been demonstrated to initiate liver injury in infected mice and produced pathogenic TNF (46) . by contrast, the accumulation of Ly6C -monocytes/macrophages in the liver coincided with a drop in the pool of Ly6C + monocytes and provided hepatoprotective function by secreting the anti-inflammatory cytokine IL- 10 (46 (14) . The subsequent release of the inflammatory cytokines, TnF-α and IL-6, in the liver resulted in hepatocyte necrosis and elevated serum ALT and AST levels, which suggest that hepatic injury may be in part due to monocyte infiltration after I/R injury. Therefore, hepatic hi monocytes may be a self-regulatory mechanism to control inflammation in I/R injury.
The effects of macrophages in monocyte intrahepatic recruitment most likely result from their capacity to express numerous growth factors and cytokines (47) . Macrophage depletion can be achieved with the systemic injection of liposomes containing clodronate (37, 48) . In the current study, ~90% macrophage depletion was successfully achieved in the liver 48 h after a single injection of liposomes containing clodronate. Notably, the transient depletion of macrophages alleviated I/R-induced hepatic damage, coinciding with a ecrease in CD11b + Ly6C
+ monocytes intrahepatic infiltration. This finding strongly suggests that macrophages contribute to the damage observed in the liver following I/R injury.
Accumulation of Ly6C hi monocytes in the injured liver is critically dependent on the chemokine receptor CCR2 and its ligand, CCL2 (49) . Increasing experimental evidence suggests that CCR2 regulates Ly6C hi monocyte entry into inflamed tissue, albeit indirectly, by promoting the egress of Ly6C hi monocytes from the bone marrow into blood circulation (50) . CCR2 critically controls intrahepatic gr1 hi monocyte accumulation by mediating their egress from bone marrow (49) . The findings of the current study demonstrated that CCR2
-/-and CCL2 -/-mice had almost no excess intrahepatic infiltration of Ly6C + monocytes, indicating a similar mechanism applies during liver I/R injury. In addition, upon organ injury, CCR2, CCL2, CCR8 and CCL1 have been previously demonstrated to promote the accumulation of the inflammatory Ly6C + gr1 + monocyte subset as precursors of tissue macrophages in the liver (8) . Furthermore, novel anti-CCL2 directed agents specifically blocked the infiltration of pro-inflammatory monocytes into injured murine liver. In the present study, specific CCR2 inhibitor RS504393 was used to pretreat mice prior to I/R injury and produced a magnitude of inhibition similar to that in CCR2 -/-deficient mice. CCR2 inhibitor nearly completely suppressed the infiltration of CD11b + Ly6C hi cells into the hepatic tissue following I/R injury. These results suggest that CCR2 inhibition efficiently alleviated the hepatic I/R injury and thus, may be an effective potential drug for hepatic I/R injury. There is a limitation of the current study. Although the internal reference gene β-actin expressed at a high level, there are changes in the expression upon I/R treatment. Therefore, using an additional reference gene would strengthen the reliability and reproducibility of our study.
In conclusion, the current study defined intrahepatic monocyte-derived subsets in experimental murine liver I/R injury and identified that Ly6C + monocytes have an important role in acute I/R hepatic damage. These findings are likely to be relevant for the treatment of liver disease. CCR2 inhibition alleviated the inflamed hepatic environment, suggesting a potential novel approach for interventions targeting pro-inflammatory actions of Ly6C hi monocytes in the liver following I/R injury. However, translation from animal model into human clinical studies requires further investigation.
